Reisert 2010). Interestingly, mOR-EG neurons have been found to have significantly lower rates of 68 spontaneous firing in comparison to M71 or I7 neurons (Reisert 2010). We wished to assess whether 69 spontaneous firing of OSNs originated in the odorant receptors, and how the basal firing rate related to 70 sensory-evoked activity. 71
Here we address these questions by measuring the spontaneous and odorant-evoked activity in 72 genetically labeled mouse OSNs with defined odorant receptors in intact olfactory epithelia (Grosmaitre 73 et al. 2006; Ma et al. 1999) . Neurons in this preparation closely resemble the natural configuration, with 74 intact cilia, where signal transduction occurs, and with relatively long axons that reach the cribriform 75 plate. We found that OSNs expressing different odorant receptors had significantly different rates of 76 basal firing activity, and OSNs with an inactive odorant receptor completely lacked spontaneous 77 activity. Even among OSNs expressing the same receptor, the basal activity showed considerable 78 variation, which became broadened upon odor stimulation, and the basal firing frequency did not 79 correlate with the maximum, sensory-evoked activity. The results suggest that OSNs expressing the 80 same receptor will carry temporally distinct spike trains into their common glomerulus. lines were generated using embryos from a few different strains, they were all crossed to C57BL/6 mice 98 for breeding. All experiments were performed on postnatal 3 to 6 weeks old mice. 99 100 Electrophysiology 101
We used the intact olfactory epithelium preparation described previously (Grosmaitre et al. Recordings were started after the pipette formed a Giga-seal with the cell membrane, and the signals 115 were filtered at 5 kHz and sampled at 10 kHz. For perforated patch, 260 µM nystatin was included in 116 the pipette solution. Under current-clamp mode, the signals were filtered at 2.9 kHz and sampled at 5 117 kHz. Further filtering offline at 1.5 kHz did not change the response kinetics or amplitudes. Briefly, basal firing frequency was defined as the mean frequency of one or more 30-60 second 138 recording epochs for each OSN (up to 15 min). Instantaneous frequency was defined as the inverse of 139 the interspike interval (ISI) between consecutive action potentials (2 nd to 1 st , 3 rd to 2 nd , so on so forth). with an instantaneous frequency above threshold). If no action potentials met response criteria during 147 an odor trial, then the averaged instantaneous frequency over the 10-second window following odor 148 delivery was assigned as the "response" for that trial. Dose-response curves were fit by the Hill 149 equation, F = F max /(1 + (K 1/2 /C) n ), where F represents odor-induced response (measured by the 150 instantaneous firing frequency after subtracting the baseline activity), F max the maximum response at 151 near-saturating concentrations, K 1/2 the concentration at which half of the maximum response was 152 
Spontaneous activity differs among OSNs expressing different odorant receptors 159
If odorant receptor type determines spontaneous activity, then neurons expressing different receptors 160 should be distinguishable by the basal firing frequency. A previous report from dissociated OSNs 161 suggests that this is the case, as I7 and M71 neurons exhibited higher rates of spontaneous activity 162 than mOR-EG neurons (Reisert 2010). In addition to potential damage to the cilia and axons, 163 2011). We therefore examined OSNs situated in their natural configuration in the intact olfactory 166 epithelia ( Fig. 1A ). We performed cell-attached patch recordings from the dendritic knobs of OSNs that 167 expressed odorant receptors M71 (n = 22), I7 (n = 21), SR1 (n = 11), mOR-EG (n = 24), or MOR23 (n = 168 16) ( Fig. 1B) . For each cell, the firing frequency and instantaneous frequency were averaged from 30-169 60 second epochs during the entire recording period (up to 15 minutes). We found a significant 170 difference among the mean firing frequencies for OSNs expressing different odorant receptors ( Fig. 1C ; 171 ANOVA: F = 4.135, p = 0.004; SR1 = 3.79 ± 0.57 Hz, I7 = 4.34 ± 0.69 Hz, M71 = 3.60 ± 0.57 Hz, mOR-172 EG = 2.18 ± 0.22 Hz, MOR23 = 2.42 ± 0.39 Hz). Between groups, I7 neurons had significantly higher 173 frequencies than both mOR-EG and MOR23 neurons as determined by post-hoc Tukey test (p < 0.005 174 and p < 0.05, respectively). We also found a significant difference in the instantaneous frequencies 175 among OSNs ( Fig. 1D , E; ANOVA: F = 3.118, p = 0.02; SR1 = 10.73 ± 1.7 Hz, I7 = 8.89 ± 0.86 Hz, M71 176 = 12.87 ± 1.01 Hz, mOR-EG = 13.68 ± 1.01 Hz, MOR23 = 13.06 ± 1.7 Hz). The instantaneous 177 frequency in I7 neurons again differed significantly from that recorded in mOR-EG neurons (p < 0.05, 178
Tukey test). The higher instantaneous frequency in mOR-EG neurons reflects the fact that bursting was 179 more prevalent in these than in I7 neurons ( Fig. 1B) , even though the overall firing rates were lower for 180 mOR-EG cells (Fig. 1C) . These data confirm that OSNs expressing different odorant receptors exhibit 181 different spontaneous firing frequencies. 182 183
Disruption of odorant receptor -G protein coupling eliminates spontaneous activity in mutant I7 184
OSNs 185
The differences in spontaneous activity recorded from OSNs expressing specific receptors suggest that 186 receptor activity determines spontaneous firing. However, one alternative explanation is that 187 downstream mechanisms such as spontaneous activation of G olf or ACIII contribute to the activity. To 188 more definitively assess whether the receptor itself determines spontaneous activity, we performed cell- We performed cell-attached recording on I7-RDY OSNs to determine whether these neurons 198 had spontaneous activity. In sharp contrast to wild-type I7 neurons (I7-WT), which fired at ~4 Hz (Fig. 199 2A, upper trace, and Fig. 2B ), we never detected a single spontaneous spike from the I7-RDY neurons 200 (n = 34; Fig. 2A, middle trace, and Fig. 2B ). Spontaneous spikes were readily detectable in randomly 201 selected OSNs from the same olfactory epithelium of an I7-RDY mouse under identical conditions ( Fig.  202 2A, bottom trace). Additionally, separate perforated-patch clamp recordings demonstrated that I7-RDY 203 neurons were healthy and capable of activity, as they exhibited typical voltage-gated ionic currents and 204 consistently fired action potentials in response to depolarizing currents (n = 6; Fig. 2C ). These 205 experiments provide strong evidence that the coupling between odorant receptor and G-protein is 206 required for spontaneous firing in OSNs. 207 208
Basal activity of OSNs does not correlate with the maximum firing rate upon odor stimulation 209
Spontaneous activity in I7 and mOR-EG neurons was significantly different by measures of firing 210 frequency and instantaneous frequency. These differences in background noise could have 211 implications for the sensitivity of the receptors to odorants. We investigated the dose-response 212 relationship of I7 and mOR-EG neurons in response to their respective preferred ligands, heptanal and 213 eugenol, as well as I7 responses to the secondary ligand octanal, to see whether and how spontaneous 214 activity correlates with sensory-evoked activity. 215
We assessed the dose-response relationship by measuring the instantaneous frequency of 216
OSNs in a manner reported previously (Tan et al. 2010). Instantaneous frequency is a more accurate 217 measure of odorant responses than mean firing frequency due to the fact that, at higher concentrations, 218 the initial short burst of action potentials is followed by a period of silence ( Fig. 3A-C) . Presumably the 219 reduction in action potentials is due to a current shunt (a decreased membrane resistance) caused by 220 the transduction current and/or progressive inactivation of voltage-gated Na + channels caused by We delivered the ligand eugenol to a subset of mOR-EG neurons and the primary ligand 223 heptanal to I7 neurons, each at concentrations ranging from 10 -7 to 10 -3 M (Fig. 3A-C) . Note that I7 224 neurons had longer response latencies because the puffing pipettes had to be placed farther away from 225 the recording site to eliminate pressure-induced mechanical responses in these neurons (see Materials 226
and Methods). Such mechanical responses were negligible in mOR-EG neurons. Because mOR-EG 227 and I7 neurons exhibited different basal firing rates, we plotted the dose-response curves by 228 subtracting the baseline firing rate from odor-induced responses in each cell (Fig. 3D, E) . At a low 229 concentration (10 -6 M), mOR-EG neurons showed higher instantaneous frequencies to eugenol than I7 230 responses to heptanal (p = 0.03, unpaired t test), presumably reflecting the differences in their 231 sensitivities to the ligands. Interestingly, with increasing concentrations, the differences in mOR-EG and 232 I7 responses became non-significant (p = 0.20 for 10 -5 M and p = 0.60 for 10 -4 M, unpaired t test). As 233 expected, the I7 responses to octanal showed less sensitivity than the responses to the primary ligand 234 heptanal (Fig. 3D, E) . 235
While the average dose-response curves between mOR-EG and I7 neurons were similar, it is 236 possible that individual neurons might differ in their odorant responses, since there are considerable 237 variations in basal activity within OSNs expressing the same odorant receptor (Fig. 1C, D) . Would the 238
OSNs with the highest basal firing rates also respond with the highest firing rates to its respective 239 ligand? Is there an upper limit of sensory-evoked firing rates correlated with the basal activity? 240
To address these questions, we compared the spontaneous firing rate and the maximum 241 sensory-evoked firing rate for individual I7 and mOR-EG neurons. Although mOR-EG neurons were 242 predominantly rhythmically active, while I7 neurons tonically active at rest (Fig. 1A) , they showed 243 similar firing patterns upon odor stimulation (Fig. 4A ). Within each subgroup, we found that neurons 244 responded heterogeneously to odorants (Fig. 4A, B ). That is, responses did not converge toward a 245 maximum for a receptor type, nor did low-or high-firing neurons respond in any discernible pattern. 246
Indeed, in more than one case, neurons that had nearly identical instantaneous frequencies at baseline 247 responded very differently when stimulated by odorants. We plotted the instantaneous firing frequency 248 induced by near-saturating concentrations of ≥ 10 -4 M (after subtracting the basal activity) versus the 249 baseline spontaneous firing rate for each neuron (Fig. 4C ). There was no significant correlation within 250 each of the three subgroups, including mOR-EG neurons to eugenol (r = -0.04, n = 14, p = 0.904), I7 to 251 heptanal (r = 0.43, n= 9, p = 0.242), and I7 to octanal (r = -0.35, n = 8, p = 0.400, Pearson correlation 252 test, two-tailed). When all cells in these three groups were pooled together, there was still no significant 253 correlation (r = 0.11, n = 31, p = 0.57; non-parametric Spearman correlation test was used here due to 254 the two distinct subgroups of I7 and mOR-EG neurons). These data suggest that the spontaneous firing Using patch clamp recordings from in situ OSNs in the intact olfactory epithelia, we show that odorant 262 receptors are the source for spontaneous activity in OSNs. This conclusion is based on the following 263 evidence: (1) the basal firing frequency of OSNs varies by the receptor type expressed (Fig. 1) , and (2) 264 disruption of odorant receptor-G protein coupling eliminates spontaneous activity in OSNs (Fig. 2) . We 265 further demonstrate that the baseline firing rate is not correlated with the maximum firing rate induced 266 by near-saturated odor stimulation (Figs. 3, 4) . rate in mOR-EG neurons compared to firing rates in I7 and M71 neurons, and that the spontaneous 278 activity could be reduced by application of inhibitory odorants (Reisert 2010). However, it could not be 279 ruled out that spontaneous activation of the signaling proteins and/or channels such as G-protein and 280 ACIII contributed to the basal activity. Here, we add to those findings to provide convincing evidence 281 that the receptor-G protein interaction is the source of spontaneous activity in OSNs. 282
Our results suggest that, while the odorant receptor is the source of spontaneous activity, basal 283 firing can be independent of odor-evoked signaling pathways, as in the G olf , ACIII or CNG knock-outs. 284
Interestingly, it has been shown that spontaneous activity is as important as odor-evoked activity when 285 it comes to developing and maintaining synapses between OSNs and the olfactory bulb neurons (Yu et This could explain why the spontaneous firing of OSNs is reduced by blocking the Clchannel (Reisert 298 2010) but not affected by knocking out the CNG channel (Brunet et al. 1996) . 299
An alternative mechanism underlying the difference in spontaneous firing between I7-RDY 300 neurons and OSNs lacking Golf, ACIII or CNG channel is that homeostatic processes, perhaps 301 originating from the olfactory bulb, could alter voltage-gated channel distributions, such as increasing 302 sodium channel density, in response to global deficits in signaling (as in G olf , ACIII or CNG knockouts), suggesting that the intact epithelial preparation keeps OSNs healthier and is more physiologically 320 relevant. It is also worth noting that all ex vivo preparations are probably kept in different solutions than 321 that found in the natural environment, which may have some effects on the spontaneous activity. 322
It is evident that OSNs (even those with the same receptor) show considerable variations in 323 their basal activity (Fig. 1) , which will introduce noise to the olfactory system. Surprisingly, the variation 324 in firing rates among OSNs is further broadened upon odor stimulation (Fig. 4) . One way to counter this 325 noise would be through temporal and/or population averaging, and the structure of the olfactory system 326 exhibits a remarkable convergence of thousands of OSNs expressing the same odorant receptor onto a 327 single glomerulus innervated by ~25 mitral/tufted cells. A previous study using two-photon microscopy 328 to measure Ca 2+ signals from axonal terminals of OSNs reveals that the activity pattern within a single 329 glomerulus is spatially heterogeneous with small "hot spots" (Wachowiak et al. 2004 ). However, the 330 time course of odor-induced Ca 2+ signals is quite similar from different hot spots throughout a 331 glomerulus suggesting that temporal and/or population averaging occurs in these Ca 2+ signals. Odor 332 stimulation also induces uncorrelated fluctuations in adjacent hot spots, which may reflect the calcium 333 influx induced by different firing patterns in individual OSNs. Recent studies suggest that, rather than 334 interfering with information encoding, such noise can increase sensitivity to sub-threshold weak stimuli 335 
